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I n  t roduc t i  on 

The o b j e c t i v e  of t h e  research is  t o  f i n d  means t o  d e c r e a s e  t h e  ra te  

of o p t i c a l  c o l o r a t i o n  of ZnO during u l t r a v i o l e t  i r r a d i a t i o n  i n  vacuum. 

This  o b j e c t i v e  w i l l  be pursued pr imar i ly  by supplying recombination cen- 

ters t o  i n t e r c e p t  t h e  u l t rav io le t -produced  h o l e s  and by recombining them 

wi th  e l e c t r o n s  b e f o r e  t h e  h o l e s  can do chemical damage. The r e s e a r c h  is  

d i v i d e d  i n t o  t h r e e  phases:  (1) a s t u d y  of t h e  h o l e - e l e c t r o n  recombina- 

t i o n  e f f i c i e n c y *  of v a r i o u s  adsorbed s p e c i e s  on t h e  ZnO sur face ,  ( 2 )  a 

s t u d y  of t h e  e f f e c t i v e n e s s  of such recombination c e n t e r s  i n  suppress ing  

chemical changes on t h e  ZnO s u r f a c e  dur ing  u l t r a v i o l e t  i r r a d i a t i o n  i n  

vacuum, and (3) a s tudy  of t h e  mechanism through which c o l o r a t i o n  i s  in -  

duced. I n  Phase 3, t h e  development of t h e o r e t i c a l  formula t ions  and 

appara tus  cons t ruc t ion ,  a s  d i scussed  i n  ea r l i e r  r e p o r t s ,  was cont inued .  

Recombination E f f i c i e n c y  of Adsorbed Spec ies  

The e l e c t r o l y t e  measurements, d e s c r i b e d  i n  t h e  ear l ie r  progress  

r e p o r t s  and t h e  proposal,  have been cont inued t o  i d e n t i f y  c a n d i d a t e s  for 

recombination c e n t e r s  and t o  t r y  t o  e s t a b l i s h  some r e l a t i o n s h i p  between 

t h e  chemical n a t u r e  of t h e  a d d i t i v e  species and t h e i r  e f f i c i e n c y  a s  re- 

combination c e n t e r s .  

An examination of t h e  oxida t ion  of manganese h a s  been s t a r t e d .  A 

reduced form of manganese was produced by c o n t r o l l e d  r e d u c t i o n  of per- 

manganate. The reduced form, &(Red) poss ib ly  Mn( I V ) ,  w a s  found t o  a c t  

as a c u r r e n t  doubl ing agent; t h a t  is, a s  h o l e s  were captured,  e l e c t r o n s  

were i n j e c t e d .  

and t h e  amount w a s  found t o  correspond q u a l i t a t i v e l y  t o  t h e  amount 

Thus t h e  oxida t ion  of t h e  Mn(Red) was e a s i l y  d e t e c t a b l e ,  

* Attached i s  a manuscript, prepared f o r  publ ica t ion ,  i n  which w e  des- 
c r i b e  work completed ear l ie r  i n  t h i s  i n v e s t i g a t i o n ,  
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o r i g i n a l l y  produced. Manganese(VI1) i s  an  ex t remely  i n t e r e s t i n g  candi-  

date  as  a recombinat ion c e n t e r  because of i t s  h igh  e l e c t r o n  c a p t u r e  cross 

s e c t i o n ,  so  t h e  obse rva t ion  of hole c a p t u r e  by t h e  reduced form is  en- 

couraging .  Q u a n t i t a t i v e  measurement by t i t r a t l o i i  ( see previous progress 

r e p o r t )  of t h e  ho le  c a p t u r e  c ros s  s e c t i o n  has  no t  been performed a s  y e t .  

The iod ine - iod ide  couple  has been examined t o  provide  f u r t h e r  chem- 

i c a l  background. A complete l i s t  of va lues  of t h e  e l e c t r o n  and h o l e  

r e a c t i v i t y  for  t h e  va r ious  couples  examined s o  f a r  i s  presented i n  Table  I .  

The column Hole Capture  Rate i s  fo r  t h e  lower ox ida t ion  s t a t e  of t h e  ele- 

ments; t h e  rate is  equal  t o  t h e  product of t h e  hole-capture  c r o s s  s e c t i o n  

and t h e  s o r p t i o n  cons t an t  f o r  the element  d iv ided  by t h a t  f o r  F e ( I 1 ) .  The 

column E l e c t r o n  Capture  Rate i s  f o r  t he  h ighe r  ox ida t ion  s t a t e  of t h e  

element; t h e  ra te  i s  equal  t o  the product of e l ec t ron -cap tu re  c r o s s  sec- 

t i o n  and the  concen t r a t ion  of the sorbed s p e c i e s  cor responding  t o  a n  

aqueous s o l u t i o n  c o n c e n t r a t i o n  of 0.01M. 

Table I 

Hole Capture Rate  E l e c t r o n  Capture  Rate 
System R e l a t i v e  t o  Fe( 11) 0.01M S o l u t i o n  

I ron  

Arsenic  

Copper 

Manganese 

Chromium 

Sodium T a r t a r a t e  

Iodine  

1 

0.1 

3 

8 x lo-* 
0 

5 x 10-9 

1 .6  10-4 

10- 

3 x 10-11 

10- l o  

A t  present ,  cuprous ch lo r ide  and c u p r i c  c h l o r i d e  are  being examined. 

Also f e r r i c  c h l o r i d e  is being examined f o r  t h e  purpose of making a com- 

pa r i son  t o  f e r r i c y a n i d e .  W e  w i s h  t o  determine t h e  d i f f e r e n c e  i n  e l e c t r o n  

c a p t u r e  by t h e  same meta l l ic  element i n  t h e  same o x i d a t i o n  s ta te  b u t  wi th  

d i f f e r e n t  chemical environment, i.e., l i gand .  Our c o n d i t i o n s  f o r  t h e  

f e r r i c  c h l o r i d e  experiment wi th  s i n g l e  c r y s t a l  ZnO are s i m i l a r  t o  t h e  con- 

d i t i o n s  Dr. John S c h u t t  of Goddard Space Center  used i n  p repa r ing  a n  i m -  

proved TiO, coa t ing .  
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A pre l iminary  examination of t h e  e f f e c t  of some of  t h e s e  a d d i t i v e s  

is being i n i t i a t e d *  by D r .  Schu t t .  

permanganate t o  a ZnO pigment and t r y  a d i rec t  t es t  of t h e  r e s i s t a n c e  of 

t h e  pigment t o  c o l o r a t i o n .  We a r e  very g r a t i f i e d  a t  t h e  coopera t ion  

shown by t h e  NASA s c i e n t i s t s  i n  a t tempting tests even a t  t h i s  e a r l y  

s t a g e  of our  research .  These a d d i t i v e s  appear  t o  be promising based on 

our  experiments t o  d a t e  b u t  w e  lack informat ion  on a p p l i c a t i o n  procedures.  

He plans t o  add f e r r i c y a n i d e  and 

T e s t s  of Recombination E f f i c i e n c v  a t  t h e  ZnO-Vacuum I n t e r f a c e  

To test t h e  recombination e f f i c i e n c y  of a d d i t i v e s ,  w e  a r e  u s i n g  a s  

a f i r s t  tes t  t h e  i n h i b i t i o n  of gas e v o l u t i o n .  Thus, w e  have s t u d i e d  g a s  

e v o l u t i o n  from i l l u m i n a t e d  ZnO i n  u l t r a h i g h  vacuum. 

or photo lys i s ,  i s  c u r r e n t l y  being s t u d i e d  on a d d i t i v e - f r e e  c r y s t a l s .  

Samples wi th  a d d i t i v e s  w i l l  be s tud ied  when t h e  measurements wi th  a d d i t i v e -  

f r e e  c r y s t a l s  a r e  under good c o n t r o l .  

The g a s  evolu t ion ,  

Work dur ing  t h i s  per iod w a s  concent ra ted  on e f f o r t s  t o :  (1) i n c r e a s e  

t h e  p h o t o l y s i s  r a t e  f o r  ZnO f r e e  of added recombination c e n t e r s  and ( 2 )  

e s t a b l i s h  t h e  chemical composition of  t h e  gases  evolved from s i n g l e  c r y s t a l  

ZnO d u r i n g  i r r a d i a t i o n  wi th  photons of d i f f e r e n t  e n e r g i e s .  Design and 

m o d i f i c a t i o n  of t h e  chamber for cons tan t  pressure  experiments  were com- 

p l e t e d .  

During t h e  previous r e p o r t  period, w e  showed t h a t  i r r a d i a t i o n  of 

s i n g l e  c r y s t a l  samples fol lowing a s h o r t  bakeout ( 3 5 O o C  f o r  4 hours  i n  

vacuo) r e s u l t e d  i n  gas  e v o l u t i o n  corresponding t o  a quantum e f f i c i e n c y  of 

lo-’ molecules/hole.  (The quantum e f f i c i e n c y  is measured i n  terms of 

molecules  of gas  evolved per  hole  reaching  t h e  s u r f a c e . )  S ince  i t  i s  

planned t o  use changes i n  quantum e f f i c i e n c y  a s  a measure of t h e  e f f e c -  

t i v e n e s s  of recombination cen te r s ,  i t  is  d e s i r a b l e  t o  have a s  high and as 

r e p r o d u c i b l e  as p o s s i b l e  a v a l u e  f o r  t h e  quantum e f f i c i e n c y  f o r  u n t r e a t e d  

* These plans were formulated a s  an outgrowth of t h e  JPL-NASA-Lockheed- 
SRI meeting he ld  a t  SRI on December 12-13, 1966. 
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samples, and s e v e r a l  t echniques  of sample p r e p a r a t i o n  w e r e  t r i e d  t o  

ach ieve  t h i s  end. 

In  one series of measurements, t h e  sample was exposed t o  3 x 

t o r r  oxygen a t  25OC f o r  one hour.  

approximately t o r r  and t h e  sample kep t  i n  t h i s  environment wi th  some 

s l i g h t  i n t e r m i t t e n t  hea t ing  of the w a l l s  ( <  100°C) f o r  s e v e r a l  days p r i o r  

t o  t h e  U . V .  i r r a d i a t i o n  experiments. Following t h i s  t rea tment ,  t h e  quan- 

tum e f f i c i e n c y  inc reased  t o  lo-* compared wi th  t h e  

series of experiments.  I t  should be noted t h a t  i n  t h i s  series t h e  i n i t i a l  

t rea tment  of t h e  sample was a very s h o r t  d i l u t e  n i t r i c  a c i d  e t ch ,  followed 

by a thorough water r i n s e ,  before  i n t r o d u c t i o n  i n t o  t h e  vacuum chamber and 

bakeout.  

Then t h e  chamber was pumped down t o  

i n  t h e  prev ious  

Experiments with lower l i g h t  i n t e n s i t i e s  were conducted t o  observe 

deso rp t ion  r a t e s  a t  lower t ime- in tegra ted  photon f l u x e s .  These expe r i -  

ments showed approximately t h e  same maximum quantum e f f i c i e n c y  wi th  t h e  

e f f i c i e n c y  va lue  dec reas ing  with i n c r e a s i n g  t o t a l  i n t e g r a t e d  f l u x .  

I r r a d i a t i o n  of t h e  z i n c  oxide s i n g l e  c r y s t a l  from t h e  z i n c  (0001) face 

and oxygen (OOOi) f a c e  gave s i m i l a r  r e s u l t s .  

I n  another  set of experiments, t h e  sample was kep t  dark  fo l lowing  

bakeout (30OoC f o r  2 hours, p = lo-' t o r r )  t o  minimize t h e  t ime- in t eg ra t ed  

f l u x  i n c i d e n t  upon t h e  sample before  measurement. N o  l a r g e  i n c r e a s e  was 

observed i n  t h e  e f f i c i e n c y .  Some recovery  of t h e  e f f i c i e n c y  has  been 

observed fo l lowing  s t and ing  i n  t h e  dark  f o r  s e v e r a l  hours a t  10" t o  

t o r r .  

Most of t h e  experiments i n  t h e s e  series w e r e  performed i n  a chamber 

o p e r a t i n g  i n  a pump-out mode (cont inuous  pumping through a f i x e d  l i m i t i n g  

conductance),  fo l lowing  es tab l i shment  of a low s t a t i o n a r y  base  p re s su re  

t o  minimize wa l l  e f f e c t s  t h a t  can a r i s e  with t h i s  mode of ope ra t ion .  

Seve ra l  experiments were conducted a t  e l e v a t e d  tempera tures  where s o r p t i o n  

of some t y p e s  of gases  by t h e  wal l s  would be d iminished .  Compared wi th  

quantum e f f i c i e n c i e s  obta ined  a f t e r  a r e g u l a r  bakeout only, t h e r e  w e r e  

improvements of a f a c t o r  of fou r  a t  2 3 O o C  and 30OoC. 

a l s o  i n d i c a t e  t h a t  t h e  pho to lys i s  r a t e  has  a low tempera ture  c o e f f i c i e n t  

up t o  30OoC. 

These experiments 

4 



L 1 

A small  magnetic d e f l e c t i o n  type  m a s s  spec t romete r  (Genera l  E lec t r ic  

Model 22 PT103) was inco rpora t ed  i n t o  t h e  gas  d e s o r p t i o n  a n a l y s i s  appa ra tus  

t o  i d e n t i f y  t h e  s p e c i e s  appearing i n  t h e  gas  phase under ZnO i r r a d i a t i o n  

c o n d i t i o n s .  The u n i t  has  a g l a s s  ana lyze r  t ube  of approximately 400 c c  

volume and c o n s i s t s  of a Nier-type e l e c t r o n  bombardment i o n  source,  a 90 

degree  s e c t o r  magnetic ana lyze r  s e c t i o n  wi th  a 5 cm r a d i u s  of cu rva tu re ,  

and a 10-s tage  e l e c t r o n  m u l t i p l i e r  i o n  d e t e c t o r .  The g l a s s  ana lyze r  t ube  

w a s  s e a l e d  d i r e c t l y  t o  t h e  ZnO i r r a d i a t i o n  chamber wi th  t h e  i o n i z e r  

p laced  25 c m  from t h e  sample although n o t  i n  d i r e c t  view of i t .  

The pre l iminary  d a t a  obtained under t h e  pump-out mode i n d i c a t e  t h a t  

t h e  p r i n c i p a l  peak appear ing  dur ing  i r r a d i a t i o n  is  mass 32( 0,) ; minor 

peaks appeared a t  mass 17 and 18 ( O H  and H,O) . 
pres su res  of t h e  evolved gases  i n d i c a t e  t h a t  t h e  0, p res su re  r eaches  

5 x lo-' t o r r  w i t h i n  5 minutes, decreas ing  t o  about  2 x lo-' t o r r  a f t e r  

1 5  minutes of continuous i r r a d i a t i o n ,  whi le  t h e  water  p a r t i a l  p re s su re  

i n c r e a s e s  t o  about 5 x t o r r  dur ing  i r r a d i a t i o n .  No carbon monoxide 

or n i t r o g e n  was observed i n  these  c o n c e n t r a t i o n  ranges  e i t h e r  be fo re  or 

dur ing  i r r a d i a t i o n  of t h e  ZnO example. 

Es t ima tes  of t h e  p a r t i a l  

As i n d i c a t e d  above, s o r p t i o n  by the  w a l l s  and pumping by t h e  p r e s s u r e  

t r ansduce r s  become important f a c t o r s  t o  cons ide r  i n  t h e  measurement of t h e  

s o r p t i o n  o r  deso rp t ion  of ve ry  small amounts of gases  by a sample. To 

minimize t h e s e  e f f e c t s ,  w e  plan t o  conduct t h e  experiment a t  c o n s t a n t  

pressure ,  us ing  a c o n t r o l l e d  oxygen l e a k  opera ted  by a feedback mechanism. 

Under t h e s e  cond i t ions , the  amount of gas  sorbed or desorbed is measured 

by changes i n  t h e  feed  r a t e  from t h e  oxygen l e a k  r e q u i r e d  t o  ma in ta in  

s t e a d y  s t a t e  c o n d i t i o n s .  

W e  have inco rpora t ed  such a des ign  i n t o  our i r r a d i a t i o n  chamber 

appa ra tus .  The appa ra tus  c o n s i s t s  of an oxygen r e s e r v o i r  connected t o  

a servo-dr iven  va lve .  Between t h e  low p res su re  s i d e  of t h e  s e r v o  va lve  

and a c a l i b r a t e d  conductance i s  loca ted  t h e  upstream i o n i z a t i o n  gauge. 

The low p res su re  s i d e  of t h e  c a l i b r a t e d  conductance i s  connected t o  t h e  

i r r a d i a t i o n  chamber t h a t  con ta ins  t h e  sample, a downstream i o n i z a t i o n  

gauge, and t h e  mass spec tometer .  The i r r a d i a t i o n  chamber i s  connected t o  
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t h e  pumps ( i o n  and subl imat ion)  through a known second conductance.  

c a l i b r a t e d  conductance between an oxygen r e s e v o i r  and t h e  i r r a d i a t i o n  

The 

chamber ac t s  as a flow monitor ing device; t h e  f l o w  r a t e  i n t o  t h e  chamber 

is determined from t h e  p r e s s u r e  d i f f e r e n c e  a c r o s s  t h i s  conductance mea- 

s u r e d  by t h e  two i o n i z a t i o n  gauges. The o p e r a t i o n  of t h e  s e r v o  va lve  i s  

c o n t r o l l e d  by a s i g n a l  from t h e  chamber i o n i z a t i o n  gauge f o r  t h e  purpose 

of keeping p r e s s u r e  i n  t h e  chamber c o n s t a n t .  

Experiments a r e  being s t a r t e d  i n  which measurements of t h e  d e s o r p t i o n  

rates of v a r i o u s  gases  from ZnO a r e  made under c o n d i t i o n s  of c o n s t a n t  

oxygen p a r t i a l  p r e s s u r e s  of t o  t o r r .  

* p p ; ] k f (  

Char les  J .  C o , Execut ive Direc tor  
Chemical, T u r e t i c a l ,  and Applied Physics  
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MECHANISM OF CATHODIC PROCESSES ON 
THE SEMICONDUCTOR ZINC OXIDE* 

T. Freund and S. Roy Morrison 
S tan fo rd  Research I n s t i t u t e  

Menlo Park, C a l i f o r n i a  

ABSTRACT 

The c a t h o d i c  r e d u c t i o n  of the  aqueous f e r r i c y a n i d e  i o n  w a s  i n v e s t i -  

g a t e d  on a s i n g l e  c r y s t a l  z i n c  oxide e l e c t r o d e .  The exper imenta l  r e s u l t s  

s u b s t a n t i a t e  t h a t  t h i s  chemical r educ t ion  process  obeys t h e  model used i n  

semiconductor phys ics  f o r  e l e c t r o n  c a p t u r e  by s u r f a c e  s ta tes .  I t  i s  con- 

c luded  t h a t  t h e  r a t e  de te rmining  s t e p  of t h e  r e d u c t i o n  process  is  t h e  

c a p t u r e  of e l e c t r o n s  from t h e  conduction band of t h e  ZnO by t h e  sorbed  

f e r r i c y a n i d e  i o n s .  This  process  was shown t o  be i r r e v e r s i b l e ,  i .e.,  

e l e c t r o n s  a r e  n o t  t r a n s f e r r e d  from sorbed fe r rocyan ide  ( reduced  f e r r i -  

cyanide)  t o  t h e  semiconductor e l e c t r o d e .  The capac i t ance ,  v o l t a g e  and 

c u r r e n t  w e r e  measured as a func t ion  of t h e  c o n c e n t r a t i o n .  The ra te  of 

f e r r i c y a n i d e  r educ t ion  w a s  measured by t h e  c u r r e n t  and w a s  found t o  be 

f i r s t  o rde r  i n  sorbed  f e r r i c y a n i d e  i o n  and f i r s t  o r d e r  i n  t h e  e l e c t r o n  

c o n c e n t r a t i o n  a t  t h e  s u r f a c e .  The e l e c t r o n  c o n c e n t r a t i o n  a t  t h e  s u r f a c e  

of t h e  e l e c t r o d e  was determined from t h e  capac i  tance-vol tage  measurement. 

* P a r t  of t h i s  work w a s  suppor ted  by a group of i n d u s t r i a l  companies 
sponsor ing  a program i n  heterogeneous c a t a l y s i s  and p a r t  of t h i s  work 
w a s  performed f o r  J e t  Propulsion Laboratory,  C a l i f o r n i a  I n s t i t u t e  of 
Technology, sponsored by National Aeronaut ic  and Space Admin i s t r a t ion  
under Cont rac t  NAS7-100. 
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, 

The s o r p t i o n  i so therm f o r  f e r r i c y a n i d e  was found t o  be l i n e a r  i n  concen- 

t r a t i o n  over t h e  range from 7 ~ 1 0 - ~  t o  0.7 Molar. 
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INTRODUCTION 

The unders tanding  of the r o l e  of t h e  s o l i d  i n  charge  t r a n s f e r  process  

on t h e  s u r f a c e  is an  impor tan t  o b j e c t i v e  i n  e l e c t r o c h e m i s t r y  and h e t e r o -  

geneous c a t a l y s i s .  With t h i s  ob jec t ive ,  w e  have measured t h e  c u r r e n t -  

v o l t a g e  c h a r a c t e r i s t i c s  of t h e  ca thod ic  r e d u c t i o n  of aqueous f e r r i c y a n i d e  

i o n  us ing  a s i n g l e  c r y s t a l  of t h e  n-type semiconductor, z i n c  oxide.  

P r i m a r i l y  by measuring t h e  vol tage-capac i ty  c h a r a c t e r i s t i c s ,  w e  have con- 

c luded  t h a t  t he  r a t e  of t h e  ca thod ic  process  ( t h e  measured c u r r e n t )  is 

determined by charge  t r a n s f e r  from t h e  s o l i d  t o  t h e  sorbed  s p e c i e s .  Evi- 

dence w i l l  be presented  t h a t  t h e  charge  t r a n s f e r  process  is an  i r r e v e r s i b l e  

b imolecular  r e a c t i o n  governed by t h e  c o n c e n t r a t i o n  of t h e  conduction-band 

e l e c t r o n s  a t  t h e  s u r f a c e  and t h e  c o n c e n t r a t i o n  of sorbed  o x i d i z i n g  agen t .  

Thus, t h e  r o l e  of t h e  s o l i d  is two f o l d :  t o  provide  e l e c t r o n s  a t  t h e  

s u r f a c e  and t o  form e l e c t r o n i c  s u r f a c e  s ta tes  w i t h  t h e  sorbed  o x i d i z i n g  

agen t .  

While Dewald has  r epor t ed '  i n  d e t a i l  d a t a  for t h e  vo l t age -capac i t ance  

behavior  of t h e  ZnO/e lec t ro ly te  sys tem i n  t h e  absence  of reducing  or 

o x i d i z i n g  agents ,  h i s  r e p o r t e d 2  da ta  f o r  t h e  c u r r e n t - v o l t a g e  behavior  w i th  

hexacyanofe r ra t e  i o n s  was very incomplete. Th i s  l a c k  of exper imenta l  d a t a  

for vol tage ,  capac i tance ,  cu r ren t ,  and c o n c e n t r a t i o n  r e l a t i o n s  prompted u s  

t o  i n v e s t i g a t e  i n  d e t a i l  t h i s  chemically s i m p l e  f e r r o u s - f e r r i c  redox 

couple  on a s i n g l e  f a c e  of s i n g l e  c r y s t a l  z i n c  oxide .  W e  b e l i e v e d  t h i s  

t o  be impor tan t  because our  previous s t u d i e s , 3  c a r r i e d  ou t  i n  connec t ion  
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wi th  t h e  ZnO photoca ta lyzed  r e a c t i o n  of oxygen and formate i o n s  i n d i c a t e d  

t h a t  e l e c t r o d e  p rocesses  on Zno can be i r r e v e r s i b l e .  Our conclusion concern- 

i n g  r e v e r s i b i l i t y  w a s  i n  disagreement wi th  Dewald's i n t e r p r e t a t i o n  f o r  

Fe( CNe-3), which was i n  terms of a r e v e r s i b l e  redox r e a c t i o n  c h a r a c t e r i z e d  

by a Helmholtz p o t e n t i a l .  

conc lus ion  a s  Dewald. I n  t h i s  communication, w e  w i l l  p r e sen t  d e t a i l e d  

ev idence  f o r  t h e  i r r e v e r s i b i l i t y  of c a t h o d i c  processes  on ZnO as i l l u s -  

t r a t e d  by t h e  r e d u c t i o n  of Fe(CN),-3. 

I n  a review paper4 Ger i she r  came t o  t h e  same 

EXPERIMENTAL 

The b o r o s i l i c a t e  g l a s s  e l ec t rochemica l  c e l l  used con ta ined  a z i n c  

ox ide  s i n g l e  c r y s t a l  as one e l ec t rode ,  a platinum w i r e  a s  t h e  working 

e l e c t r o d e ,  and a s a t u r a t e d  KC1 calomel r e f e r e n c e  e l e c t r o d e .  The (0001) 

f a c e  of t h e  c r y s t a l  w a s  used a f t e r  l app ing  and then  e t c h i n g  with 85 pe rcen t  

H,PO, f o r  a minimum of t e n  minutes. The area of z i n c  oxide  exposed t o  t h e  

e l e c t r o l y t e  w a s  t h e  o rde r  of 6mm2. 

The e l e c t r o l y t e  con ta ined  1hl KC1 and was b u f f e r e d  wi th  B02-/HB0, 

(0.2M i n  t o t a l  boron) t o  a pH of 8.8 + 0.1. 

were added as t h e  potassium sa l t s  and t h e  pH of t h e  b u f f e r  w a s  a d j u s t e d  

i f  necessa ry .  The chemicals employed were Reagent g rade  and were used 

wi thou t  p u r i f i c a t i o n .  A l l  e l e c t r i c a l  measurements were made wi th  s o l u t i o n s  

deoxygenated i n  s i t u  by bubbling with u n p u r i f i e d  tank  n i t r o g e n .  I n  no case 

cou ld  more than  5 percent  of t h e  c u r r e n t  be a t t r i b u t e d  t o  any subs t ance  

o t h e r  than  Fe( CN) 6-3. That is, t h e  c u r r e n t  a t  any g iven  v o l t a g e  w a s  in -  

c r e a s e d  by a t  l eas t  a f a c t o r  of 20 wi th  t h e  a d d i t i o n  of Fe(CN)G-3 t o  t h e  

KC1 bu f fe red  s o l u t i o n .  

The f e r r i -  and f e r r o c y a n i d e  - 
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Three types  of measurements were made: (1) t h e  c u r r e n t  through t h e  

ZnO, ( 2 )  t h e  c a p a c i t a n c e  between the  ZnO and t h e  platinum e l e c t r o d e s ,  and 

(3) t h e  v o l t a g e  of t h e  ZnO wi th  respect t o  a s a t u r a t e d  KC1 calomel elec- 

t r o d e  (SCE) . The v a l u e s  of t h e  capac i tance ,  vo l t age ,  and c u r r e n t  r e p o r t e d  

a r e  s t e a d y  s t a t e  measurements and were shown t o  be independent of s t i r r i n g .  

A l l  measurements were made i n  the  dark .  The c a p a c i t a n c e  w a s  measured a t  

a frequency of 1 kc .  

Two types  of measurements, t h e  c u r r e n t  as f u n c t i o n  of t h e  a p p l i e d  

v o l t a g e  and t h e  c a p a c i t a n c e  a s  a f u n c t i o n  of vo l t age ,  w e r e  made a t  v a r i o u s  

f e r r i c y a n i d e  c o n c e n t r a t i o n s  from 0.7M t o  7xlO-'M wi th  and wi thout  added 

f e r rocyan ide .  F i g u r e s  1 and 2 show t y p i c a l  r e s u l t s  f o r  t h e  two types  of 

measurements. 

F igu re  1 shows d a t a  f o r  t h e  ca thod ic  c u r r e n t ,  J, v s  t h e  a p p l i e d  

vo l t age ,  V, for two s o l u t i o n s  both c o n t a i n i n g  7 ~ 1 0 - ~  f e r r i c y a n i d e .  The 

s o l u t i o n s  d i f f e r  on ly  i n  t h a t  one c o n t a i n s  no f e r r o c y a n i d e  and t h e  o t h e r  

w a s  7 ~ 1 0 - ~ M  i n  f e r rocyan ide .  The d a t a  f o r  both s o l u t i o n s  are i d e n t i c a l  

w i t h i n  exper imenta l  e r r o r .  The l i n e a r i t y  of t h e  dependence of l o g  J vs 

V shown i n  F igu re  1 is  t y p i c a l  for a l l  s o l u t i o n s  examined. I n  t h e  range 

of c u r r e n t  i n v e s t i g a t e d ,  from 1 t o  100 n a , p l o t s  of t h e  l o g  J vs V f o r  a l l  

s o l u t i o n s  showed s l o p e s  corresponding t o  60 - + 5 mv per  decade change i n  

c a t h o d i c  c u r r e n t .  T y p i c a l l y  a l l  s o l u t i o n s  i n c l u d i n g  t h o s e  c o n t a i n i n g  

f e r r o c y a n i d e  gave anodic  c u r r e n t s  below 5 na up  t o  anodic v o l t a g e s  as 

h igh  as 10 V vs SCE. 

F igu re  2 shows t h e  v o l t a g e  dependence of t h e  c a p a c i t a n c e  p l o t t e d  as  

1 /C2  vs V. The l i n e a r i t y  of t h e  exper imanta l  d a t a  i s  t y p i c a l  of a l l  
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s o l u t i o n s  i n v e s t i g a t e d  i n c l u d i n g  those f ree  of i r o n  s a l t s .  The va lue  of 

t h e  ZnO v o l t a g e  vs  SCE a t  1 /C2  = 0 i s  c a l l e d  t h e  f l a t  band vol tage ,  Vo.  

I n  p r a c t i c e ,  t h e  l i n e a r  p o r t i o n  of 1 / C 2  vs V i s  e x t r a p o l a t e d  t o  l / C 2  = 0, 

s i n c e  d e v i a t i o n s  from simple theory a r e  known' t o  occur  near V,. 

s u r f a c e  b a r r i e r ,  

i n  our  experiments Vs always has  a p o s i t i v e  va lue .  

The 

Vs, i s  r e l a t e d  t o  t h e  ZnO v o l t a g e  vs SCE, V, by Eq. 1; 

vs = v - v, ( 1) 

The s i g n i f i c a n c e  of t h e  parameters, t h e  s u r f a c e  b a r r i e r  and t h e  f l a t  band 

v o l t a g e  w i l l  be presented  i n  t h e  t tDiscussiont '  i n  terms of semiconductor 

concep t s .  For t h e  present ,  they  w i l l  be taken  simply as  convenient  

v a r i a b l e s .  

The va lues  of V, f o r  t h e  var ious  s o l u t i o n s  r e p o r t e d  i n  t h i s  paper 

ranged from -0.370 t o  -0.410 V vs SCE. The v a r i a t i o n s  i n  V, were no t  

s y s t e m a t i c  and hence t h e i r  o r i g i n  is n o t  known. 

F igu re  3 i s  p l o t  of t h e  l o g  of t h e  [Fe(CN)6'3] vs t h e  s u r f a c e  b a r r i e r ,  

Vs, a t  c o n s t a n t  c u r r e n t  of 10 na.  

responds t o  a s u r f a c e  b a r r i e r  change of 0.06 V per t e n f o l d  change i n  

c o n c e n t r a t i o n .  

The p l o t  i s  l i n e a r  and t h e  s l o p e  cor -  

The above exper imenta l  d a t a  can be summarized e m p i r i c a l l y  by Eq. ( 2 ) ,  

where k i s  a p r o p o r t i o n a l i t y  cons t an t  independent of v o l t a g e  and concen- 

t r a  t i on. 

J = k [ F e ( c N ) ~ - ~ l  exp {(VO - v)/0.025} ( 2 )  

Pre l imina ry  i n v e s t i g a t i o n s  with s e v e r a l  o t h e r  o x i d i z i n g  agents ,  i n -  

c l u d i n g  Cu( 11), I( 0), &( V I I ) ,  O( -I) ,  i n d i c a t e  s i m i l a r  behavior, a t  least  

q u a l i t a t i v e l y .  
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THEORETICAL MODEL 

W e  w i l l  p r e sen t  arguments supported by t h e  above r e s u l t s  t o  show: 

(1) t h e  changes i n  t h e  a p p l i e d  vo l t age  a l l  occur wi th in  t h e  semiconductor 

and t h a t  t h e  ca thod ic  c u r r e n t  is dominated i n  i t s  v o l t a g e  dependence by 

t h e  p r o p e r t i e s  of t h e  semiconductor; ( 2)  t h e  e l ec t rochemica l  r e d u c t i o n  

r e a c t i o n  i s  a one-e lec t ron  process  and i s  i r r e v e r s i b l e  s i n c e  t h e  r e v e r s e  

r e a c t i o n ,  t h e  o x i d a t i o n  of Fe( 11), does no t  proceed a t  a n  a p p r e c i a b l e  

r a t e .  The l a c k  of t h e  o x i d a t i o n  r e a c t i o n  i s  a t t r i b u t e d  t o  t h e  d i f f i c u l t y  

of i n j e c t i n g  e l e c t r o n s  from sorbed o x i d i z i n g  agent  i n t o  t h e  conduct ion  

band of t h e  ZnO; (3) t h e  r e a c t i o n  ra te  i s  f i r s t  o r d e r  i n  t h e  c o n c e n t r a t i o n  

of r e d u c i b l e  s p e c i e s  on t h e  s u r f a c e .  

The arguments a r e  most e a s i l y  presented  i n  terms of an  e l e c t r o n i c  

energy band diagram. F igu re  4 shows a band diagram of t h e  n-type s e m i -  

conductor  ZnO wi th  a c c e p t o r  s u r f a c e  states. The a b s c i s s a  i s  d i s t a n c e  

from t h e  z i n c  oxide s u r f a c e  which i s  i n  c o n t a c t  w i th  t h e  e l e c t r o l y t e  

s o l u t i o n ;  t h e  o r d i n a t e  i s  t h e  p o t e n t i a l  energy of a n  e l e c t r o n .  Within 

t h e  s o l i d  t h e r e  are t h r e e  energy r eg ions :  two have allowed e l e c t r o n i c  

l e v e l s ,  t h e  va lence  and conduction bands; s e p a r a t i n g  them i s  a forb idden  

reg ion ,  t h e  energy gap  which is  about 3 e V .  Within t h e  gap, t h e r e  is  a 

donor l e v e l  l o c a t e d  s l i g h t l y  below t h e  bottom of t h e  conduct ion  band. 

The donors a s s o c i a t e d  wi th  t h i s  l e v e l  r e s u l t  from t h e  s t o i c h j o m e t r i c  

excess  of z i n c  i n  z i n c  oxide  and a r e  presumably e i t h e r  i n t e r s t i t i a l  z i n c  

atoms o r  ox ide  i o n  vacanc ie s .  Since they  are ion ized  a t  room tempera- 

t u r e s ,  they  a r e  shown a s  +. The conduct ion  band e l e c t r o n s  are i n d i c a t e d  

by - a t  t h e  bottom of t h e  conduction band. I t  should be noted  t h a t  t h e  

I t  1 1  

1 1  1 1  
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i o n i z e d  donors a r e  immobile charges a t  roDm tempera ture  i n  c o n t r a s t  t o  

conduct ion  band e l e c t r o n s .  

An allowed e l e c t r o n i c  energy l e v e l  on t h e  s u r f a c e  i s  i n d i c a t e d  by 

X; such a s u r f a c e  s t a t e  can be  c r e a t e d  by s o r p t i o n  of a chemical s p e c i e s  

from t h e  e lec t ro ly te  s o l u t i o n .  I t  is  shown a t  an energy, E, below t h e  

t o p  of t h e  conduct ion  band. We w i l l  restrict t h i s  symbol t o  t h e  s u r f a c e  

s t a t e  c r e a t e d  by s o r p t i o n  of F ~ ( I X ) ~ - ~ .  

occupied (X-) by t h e  a d d i t i o n  of a n  e l e c t r o n  i t  is e q u i v a l e n t  t o  sorbed 

Fe( CN) 6 - 4 .  

When t h i s  s t a t e  i s  e l e c t r o n i c a l l y  

A p o t e n t i a l  g r a d i e n t ,  i n  the r eg ion  0 < x < xo, is i n d i c a t e d  by t h e  

bending of bands. The e x t e n t  of t h e  bending is  i n d i c a t e d  by t h e  energy 

of t h e  s u r f a c e  b a r r i e r ,  qVs, where g is the  e l e c t r o n i c  charge .  

f a c e  b a r r i e r  i s  a s s o c i a t e d  wi th  t h e  double l a y e r  formed by t h e  ion ized  

donors  i n  t h e  e l e c t r o n  d e p l e t i o n  l a y e r  ( 0  < x < xo) and t h e  compensating 

n e g a t i v e  charge  a r i s i n g  from charged s u r f a c e  s ta tes  and i o n s  i n  t h e  

e l e c t r o l y t e .  Because of t h e  e l e c t r i c a l  compensation of t h e  i o n i z e d  

donors  i n  t h e  e l e c t r o n  d e p l e t i o n  reg ion  by i o n s  i n  s o l u t i o n ,  t h e  s u r f a c e  

b a r r i e r  can be c o n t r o l l e d  by t h e  e x t e r n a l l y  a p p l i e d  v o l t a g e  i n  t h e  elec- 

t rochemica l  c e l l .  I t  should be noted t h a t  i n  t h e  i n t e r i o r  of t h e  c r y s t a l  

( x  > xo) t h e  charge  of i on ized  donors a r e  compensated by t h e  n e g a t i v e l y  

charged conduct ion  band e l e c t r o n s .  

The s u r -  

The s u r f a c e  b a r r i e r  can be measured expe r imen ta l ly  by t h e  capac i t ance .  

A r i g o r o u s  development of the i n t e r p r e t a t i o n  of t h e  expe r imen ta l ly  measured 

c a p a c i t a n c e  and v o l t a g e  is g iven  i n  t h e  appendix.  The s u r f a c e  b a r r i e r ,  

Vs, is r e l a t e d  t o  t h e  depth  of t h e  d e p l e t i o n  r e g i o n  xo (shown i n  Fig.  4) 
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by t h e  Schot tky  r e l a t i o n , 5  Eq. ( 3 ) ,  where q i s  t h e  e l e c t r o n i c  charge,  

ND t h e  d e n s i t y  of t h e  i o n i z e d  donors, E: t h e  d i e l e c t r i c  c o n s t a n t  f o r  z i n c  

oxide,  and e o  t h e  p e r m i t t i v i t y  of vacuum. 

I 

, 

The va lue  of Vs can  be obtained exper imenta l ly  when t h e  Schot tky 

r e l a t i o n  i s  v a l i d  through t h e  capac i tance  measurement. The d i f f e r e n t i a l  

capac i tance ,  C, can be used t o  determine t h e  t h i c k n e s s  of t h e  d e p l e t i o n  

l a y e r  by t h e  p a r a l l e l  p l a t e  c a p a c i t o r  r e l a t i o n s h i p ,  Eq. ( 4 ) ,  where A i s  

t h e  a r e a .  

xo = Asco 
C 

S u b s t i t u t i o n  of Eq. ( 4 )  i n  Eq. (3) g i v e s  Eq. (5),  a r e l a t i o n s h i p  

between t h e  s u r f a c e  b a r r i e r  and a measurable q u a n t i t y ,  t h e  c a p a c i t a n c e .  

Vs = 4 qN,-,A2eeo(l/Cz) 

S i n c e  w e  found exper imenta l ly  f o r  each s o l u t i o n  t h a t  V i s  l i n e a r l y  

dependent on 1 / C 2  ( e .g . ,  Fig.  1) and from t h e  above semiconductor theory  

V h a s  t h e  same dependence on 1 /C2 ,  i t  fo l lows  t h a t  Vs d i f f e r s  from V by 

a c o n s t a n t  g iven  i n  Eq. (1).  This  c o n s t a n t ,  Vo, is t h e  sum o f :  t h e  

v o l t a g e  d i f f e r e n c e  between t h e  Fermi l e v e l s  a t  t h e  s u r f a c e  and i n  t h e  

i n t e r i o r  of t h e  c r y s t a l  a t  f l a t  band c o n d i t i o n ,  t h e  Helmholtz and Gouy 

p o t e n t i a l s  a t  t h e  s o l u t i o n  s i d e  of t h e  ZnO electrode and t h e  calomel 

e l e c t r o d e ,  and any p o s s i b l e  vol tage  d r o p  between t h e  ZnO and i t s  metall ic 

c o n t a c t .  Following Dewald,l w e  adopt t h e  s i m p l e s t  e x p l a n a t i o n  f o r  t h e  

l i n e a r i t y  of  1 / C 2  wi th  V f o r  a given s o l u t i o n  and c r y s t a l .  

i s  t h a t  t h e  component v o l t a g e s  of V,, i n c l u d i n g  t h e  Helmholtz p o t e n t i a l  a t  

S 

The e x p l a n a t i o n  
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t h e  ZnO/e lec t ro ly te  i n t e r f a c e ,  remain i n v a r i a n t  a s  a f u n c t i o n  of V. I t  

should  be noted  t h a t  t h e  Helmholtz v o l t a g e  must be presumed t o  be inde- 

pendent of t h e  hexacyanofe r ra t e  species, e i t h e r  i n  t h e  o x i d i z i n g  or re- 

ducing  form, s i n c e  w e  found t h a t  V, was e s s e n t i a l l y  c o n s t a n t  f o r  a l l  

s o l u t i o n s  a t  pH = 8 . 8 .  

This  agreement of theory  and experiment shows t h a t  v a r i a t i o n s  i n  

a p p l i e d  p o t e n t i a l  appear  only a s  v a r i a t i o n s  of p o t e n t i a l  w i t h i n  t h e  

e l e c t r o d e  and t h a t  t h e  p o t e n t i a l s  on s o l u t i o n  s i d e  o f  t h e  e l e c t r o d e ,  i .e. ,  

Helmholtz ( and  Gouy) a r e  i n v a r i a n t .  With t h e  demonst ra t ion  t h a t  t h e  

v o l t a g e  v a r i a t i o n  is  i n  t h e  s u r f a c e  b a r r i e r ,  w e  w i l l  procede t o  show 

t h a t  e l e c t r o n  t r a n s f e r  i s  t h e  r a t e - l i m i t i n g  s t e p  i n  t h e  r e d u c t i o n  r e a c t i o n .  

The model t o  which we s h a l l  compare our r e s u l t s  i nvo lves  two p a r t s .  

F i r s t ,  t h e  e l e c t r o n  t r a n s f e r  process i s  governed by semiconductor t heo ry  

f o r  i r r e v e r s i b l e  e l e c t r o n  cap tu re  by unoccupied s u r f a c e  s t a t e s .  Second, 

t h e  format ion  of s u r f a c e  states i s  governed by a l i n e a r  i so therm f o r  

s o r p t i o n  from s o l u t i o n .  

The e l e c t r o n  c u r r e n t  dens i ty ,  J, pass ing  from t h e  conduct ion  band of 

a semiconductor t o  a s i n g l e  t y p e  of s u r f a c e  s ta te  f o r  an i r r e v e r s i b l e  

r e a c t i o n  should have t h e  magnitude given' by Eq. ( 6 ) .  

J = q C o [XI n ( 6) 

The c u r r e n t  i s  p r o p o r t i o n a l  t o  the average  thermal v e l o c i t y  of e l e c t r o n s ,  

c; t h e  c o n c e n t r a t i o n  of t h e  u n f i l l e d  s u r f a c e  states, [XI; t h e  c r o s s  sec- 

t i o n  of t h i s  s t a t e  f o r  e l e c t r o n  capture ,  a; and t h e  e l e c t r o n  d e n s i t y  a t  

t h e  su r face ,  n. 

s u r f a c e ,  n, i s  given6by t h e  ion ized  donor d e n s i t y  of t h e  ZnO m u l t i p l i e d  

- 

The e l e c t r o n  concen t r a t ion  i n  t h e  conduct ion  band a t  t h e  
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by t h e  Boltzmann f a c t o r  a s soc ia t ed  wi th  V 

t h e r e f o r e ,  Eq. ( 6 )  can be expressed as Eq. (7). 

i .e. ,  ND exp  (-qVs/kT); 
S’ 

Therefore ,  Eq. ( 7 )  c o n t a i n s  t h e  assumptions t h a t  t h e  conduct ion  band 

e l e c t r o n s  a t  t h e  s u r f a c e  a r e  i n  thermal e q u i l i b r i u m  wi th  t h e  i n t e r i o r  and 

t h a t  t h e i r  c o n c e n t r a t i o n  a t  t h e  su r f ace  i s  n o t  apprec i ab ly  d i s t u r b e d  by 

t h e  c a t h o d i c  c u r r e n t s .  I m p l i c i t  i n  t h i s  fo rmula t ion  i s  t h e  absence of 

any tunne l ing  e f f e c t s ;  w e  b e l i e v e  t h e s e  should be n e g l i g i b l e .  

The t h e o r e t i c a l  r e l a t i o n s h i p ,  Eq. ( 7 ) ,  between t h e  c u r r e n t  and t h e  

surface b a r r i e r  can be compared t o  ou r  exper imenta l  f i nd ing ,  Eq. (2), i n  

o r d e r  t o  f i n d  t h e  r e l a t i o n s h i p  between t h e  [ X I ,  t h e  d e n s i t y  of u n f i l l e d  

s u r f a c e  s t a t e s  and t h e  [Fe(CN)6-3], t h e  c o n c e n t r a t i o n  of o x i d i z i n g  agent  

i n  s o l u t i o n .  

comparison of Eq. ( 7 )  and Eq. ( 2 )  g ives  Eq. ( 8 ) .  

S ince  (q /kT)  a t  room tempera ture  has  a v a l u e  of 1/0.025 a 

k [Fe(CN),-3] = q CT [X] ND ( 8 )  

The s i m p l e s t  e x p l a n a t i o n  for t h e  l i n e a r i t y  of t h e  c o n c e n t r a t i o n  of 

s o r b e d  f e r r i c y a n i d e  wi th  t h e  concen t r a t ion  i n  s o l u t i o n  is  t o  assume t h e  

l i n e a r  i so therm expressed  by Eq. ( 9 )  w i th  t h e  e q u i l i b r i u m  c o n s t a n t  K. 

This  assumption impl i e s  t h a t  t h e  r a t e  of t h e  e l e c t r o n  c a p t u r e  process  i s  

slow compared t o  t h e  r a t e  of deso rp t ion  of Fe(CN)6’3 so  t h a t  t h e  [XI is 

no t  a p p r e c i a b l y  lowered by t h e  c u r r e n t  of t h e  c a t h o d i c  r e a c t i o n .  This  

s imple  assumption w a s  borne ou t  exper imenta l ly  i n  t h e  ranges  of c u r r e n t  

and c o n c e n t r a t i o n s  i n v e s t i g a t e d  s ince  t h e  c u r r e n t ,  J, was l i n e a r l y  
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p r o p o r t i o n a l  t o  t h e  concen t r a t ion  i n  s o l u t i o n ,  [ F ~ ( c N ) , - ~ ~  a t  c o n s t a n t  

Equation (7)) t h e  c u r r e n t  a s  a f u n c t i o n  of t h e  d e n s i t y  of u n f i l l e d  vs 

surface s t a t e s ?  may be w r i t t e n  i n  terms of t h e  exper imenta l  v a r i a b l e ,  

t h e  c o n c e n t r a t i o n  f e r r i c y a n i d e  ion i n  s o l u t i o n ;  by t h e  use of Eq. (9 )  t o  

g i v e  Eq. ( 10) . 

The s u b s t a n t i a l  agreement of t h e  t h e o r e t i c a l  model w i th  t h e  expe r i -  

mental  r e s u l t s  ( t h e  0.06V change i n  t h e  s u r f a c e  b a r r i e r  per decade change 

i n  i r o n  c o n c e n t r a t i o n  and t h e  l i n e a r  p r o p o r t i o n a l i t y  between t h e  cu r ren t  

and t h e  i r o n  c o n c e n t r a t i o n )  l e a d s  t o  t h e  fo l lowing  conc lus ions :  

1. The r a t e  l i m i t i n g  s t e p  i n  t h i s  r e d u c t i o n  process  i s  t h e  t r a n s f e r  

of e l e c t r o n s  from t h e  s o l i d  t o  t h e  s u r f a c e  s ta te .  The r a t e  i s  

f i r s t  o rde r  i n  t h e  dens i ty  of e l e c t r o n s  a t  t h e  s u r f a c e  of t h e  

s o l i d ,  ND exp (-qVs/kT), and f i r s t  o rde r  i n  t h e  d e n s i t y  of un- 

f i l l e d  s u r f a c e  s t a t e s ,  [XI. 

2. I n  t h e  c u r r e n t  and concen t r a t ion  ranges  i n v e s t i g a t e d  t h e  d e n s i t y  

of u n f i l l e d  states is  determined by t h e  e q u i l i b r i u m  l i n e a r  ad- 

s o r p t i o n  i so therm f o r  Fe(CN)e-3; moreover t h e  d e s o r p t i o n  of 

f i l l e d  s u r f a c e  s ta tes  a s  Fe(CN)G-4 i s  r a p i d  compared t o  t h e  

e l e c t r o n i c  process .  

3. The u n i d i r e c t i o n a l  n a t u r e  of t h e  e l e c t r o n  t r a n s f e r  assumed i n  

ou r  model is  confirmed by t h e  l a c k  of dependence of t h e  c u r r e n t  

on t h e  Fe( CN) 6-4 concen t r a t ion .  
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D I SCUS S I ON 

Before ana lyz ing  i n  d e t a i l  t h e  i m p l i c a t i o n s  of t h e  semiconductor 

surface s t a t e  model and our resul ts ,  i t  may be  h e l p f u l  t o  d e s c r i b e  some 

reasons  account ing  f o r  observing t h e  s imple  behavior  of s u r f a c e  s t a t e s  

i n  t h e  z i n c  o x i d e / f e r r l c y a n i d e  s y s t e m .  

w i t h  t h e  e l e c t r o d e  m a t e r i a l  being a semiconductor and t h e  second i s  

connected wi th  t h e  chemical s i m p l i c i t y  of t h e  behavior  of t h e  hexacyano- 

f e r r a t e  i o n .  

The f i r s t  r ea son  i s  connected 

For a semiconductor, i n  c o n t r a s t  t o  a metal, i t  i s  p o s s i b l e  t o  vary  

t h e  e l e c t r o n  c o n c e n t r a t i o n  a t  the s u r f a c e  by t h e  a p p l i e d  v o l t a g e  and t o  

measure t h i s  c o n c e n t r a t i o n  by the c a p a c i t a n c e .  However, s t a r t i n g  wi th  

t h e  c lass ical  semiconductor/electrolyte i n v e s t i g a t i o n s  of B r a t t a i n  and 

G a r r e t t '  i t  has  become e v i d e n t  t h a t  n o t  a l l  semiconductor/electrolyte 

s y s t e m s  are simple, e .g . ,  Ge. '  We f e e l  t h a t  t h e  s i m p l i c i t y  of our  re- 

s u l t s  add t o  t h e  many advantages t h a t  Body' has  r e c e n t l y  poin ted  ou t  f o r  

ZnO. 

s y s t e m  obeyed s i m p l e  s o l i d - s t a t e  t heo ry  f o r  a semiconductor.  I n  t h e  

c o u r s e  of p re l imina ry  s t u d i e s  we d i d  n o t  f i n d  any common l a b o r a t o r y  

reducing  agen t s  which would i n j e c t  e l e c t r o n s  i n t o  ZnO. 

Dewald's' p ioneer ing  work with ZnO/e lec t ro ly t e  showed t h a t  t h i s  

The second r eason  f o r  p r e d i c t i n g  a s imple  behavior  of t h e  Zn0,/Fe(CN6-3 

s y s t e m  i s  concerned wi th  t h e  chemical n a t u r e  of t h e  s i x  c o o r d i n a t e  i r o n .  

F e r r i c y a n i d e  i o n  on s o r p t i o n  would be expec ted  t o  form a s i n g l e  type  of 

s u r f a c e  s t a t e  and t h e  chemical r educ t ion  of t h i s  s u r f a c e  s t a t e  would be  

expec ted  t o  be s imple  e l e c t r o n  cap tu re  wi thout  any chemical rear range-  

ments.  Our e x p e c t a t i o n  w a s  based on t h e  known aqueous chemis t ry  of 
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hexacyanofe r ra t e  ions ,  i .e . ,  one-equivalent r e d u c t i o n  of F e ( I I 1 )  normally 

o c c u r r i n g  by s i n g l e  e l e c t r o n  t r a n s f e r  wi thout  atom t r a n s f e r  ( b o t h  oxida- 

t i o n  s ta tes  a r e  r e l a t i v e l y  i n e r t  t o  chemical s u b s t i t u t i o n ) .  

I t  should  n o t  be a n t i c i p a t e d  t h a t  a l l  s o l u t i o n s  c o n t a i n i n g  o x i d i z i n g  

a g e n t s  w i l l  e x h i b i t  t h e  s i m p l e  behavior d e s c r i b e d  by Eq. (10) .  F i r s t ,  

a m u l t i p l i c i t y  of types  of u n f i l l e d  s ta tes  may be present;  t h e s e  could  

a r i se  from f a c t o r s  such a s  mul t i -equiva lance  of t h e  o x i d i z i n g  agent ,  

inhomogenous s u r f a c e s ,  and t h e  presence of more than  one o x i d i z i n g  agent  

i n  t h e  s o l u t i o n .  For such c a s e s  Eq. ( 6 )  must be r ep laced  with Eq. (11) 

where t h e  summation i s  c a r r i e d  out over t h e  c o n c e n t r a t i o n  of t h e  v a r i o u s  

s u r f a c e  s t a t e s ,  Xi, w i th  t h e  a p p r o p r i a t e  e l e c t r o n  c a p t u r e  c ros s - sec t ions ,  

ai. 

J = q n 'c c ai [xi] (11) 
1 

While Eq. ( l l ) ,  invo lv ing  s u r f a c e  concen t r a t ions ,  i s  always v a l i d  f o r  

i r r e v e r s i b l e  e l e c t r o n  c a p t u r e  processes,  a second c l a s s  of compl ica t ion  

can a r i s e .  This  c l a s s  arises when t h e  c u r r e n t  is expressed  a s  a f u n c t i o n  

of s o l u t i o n  c o n c e n t r a t i o n s  of t he  o x i d i z i n g  agents and may invo lve  f a c t o r s  

such  a s :  mul t i -equiva lence  of the o x i d i z i n g  agents ,  slow s o r p t i o n  or de- 

s o r p t i o n ,  or n o n - l i n e a r i t y  of i so therms.  For such  k i n e t i c  f e a t u r e s ,  t he  

c u r r e n t  can  become non- l inear  i n  e l e c t r o n  c o n c e n t r a t i o n  a t  t h e  s u r f a c e  

as w e l l  as s o l u t i o n  concen t r a t ions .  

I t  has  normally been t h e  custom t o  t rea t  t h e o r e t i c a l l y  semiconductor 

e l e c t r o d e s  by an approach equ iva len t  t o  metal e l e c t r o d e s  and t o  d i s c u s s  

r e d u c t i o n  or o x i d a t i o n  e l ec t rochemis t ry  i n  terms of d e v i a t i o n  from t h e  

r e v e r s i b l e  p o t e n t i a l .  This  approach i s  t h e o r e t i c a l l y  v a l i d ,  bu t  t h e  
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model may be of l i t t l e  va lue  i n  i n t e r p r e t i n g  exper imenta l  r e s u l t s .  The 

i n v a r i a n c e  of t h e  Helmholtz p o t e n t i a l  and t h e  i r r e v e r s i b i l i t y  of t h e  

c u r r e n t  a r e  two i n d i c a t i o n s  t h a t  t h e  r e v e r s i b l e  p o t e n t i a l  model i s  n o t  

a p p l i c a b l e  he re .  

F i r s t  w e  w i l l  d i s c u s s  t h e  i n v a r i a n c e  of t h e  Helmholtz v o l t a g e  f o r  

t h e  ZnO/Fe( CN) 6-3 s y s t e m  a s  a f u n c t i o n  of c o n c e n t r a t i o n  and measured 

c u r r e n t .  Such behavior  c o n t r a s t s  wi th  a metal electrode i n  which t h e  

n e t  c u r r e n t  is normally c o n t r o l l e d  through d e v i a t i o n s  from t h e  r e v e r s i b l e  

redox p o t e n t i a l .  B a s i c a l l y  the  r eason  such a s i t u a t i o n  can ar ise  is t h a t  

t h e  c u r r e n t  due t o  t h e  r educ t ion  of Fe(CN)6-3 i s  only  a smal l  f r a c t i o n  

of t h e  r e v e r s i b l e  c u r r e n t s  pass ing  throilgh t h e  Helmholtz l a y e r ,  and t h e s e  

r e v e r s i b l e  c u r r e n t s  de te rmine  the  Helmholtz vo l t age .  By t h e  argument 

presented  b y  Dewtild,' changes in  Helmholz p o t e n t i a l  a t  t h e  ZnO e l e c t r o d e  

should  be maniP2;ted by changes i n  t h e  v a l u e s  of t h e  f l a t  band vo l t age ,  

V,. Conversely, changes i n  the  f l a t  band v o l t a g e  with changes i n  t h e  

chemical composition of t h e  so lu t ion ,  i n  p r i n c i p l e ,  can be a t t r i b u t e d  

t o  v a r i a t i o n s  i n  t h e  Helmholtz and/or  s u r f a c e  v o l t a g e  of t h e  ZnO 

e l e c t r o d e .  

Experimentally,  w e  found only small random v a r i a t i o n s  i n  t h e  f l a t  

band v o l t a g e  as  a f u n c t i o n  of  Fe(CN)6-3  c o n c e n t r a t i o n  and t h e  r a t i o  of 

t h e  c o n c e n t r a t i o n s  of Fe( CN) 6 - 3  t o  Fe( CN) 6 - 4 .  Since  it seems u n l i k e l y  

t h a t  changes i n  t h e  s u r f a c e  vol tage  (de te rmined  by t h e  Fermi l e v e l  a t  

t h e  s u r f a c e  vs t h e  i n t e r i o r  when t h e  bands are f l a t )  should exac t ly  

compensate changes i n  t h e  Helmholtz vo l tage ,  w e  conclude t h a t  bo th  t h e  

Helmholtz and s u r f a c e  v o l t a g e  a t  t h e  f l a t  band c o n d i t i o n  a r e  independent 
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of t h e  c o n c e n t r a t i o n s  of hexacyanofer ra te  species. Exper imenta l ly  f o r  

any s i n g l e  s o l u t i o n  composition, t h e  va lue  of V, remains c o n s t a n t  as a 

f u n c t i o n  of t h e  a p p l i e d  vol tage  as observed by t h e  s t r a i g h t  l i n e  behavior  

t y p i f i e d  by Fig .  2. From t h i s  obse rva t ion ,  w e  conclude t h a t  t h e  Helmholtz 

v o l t a g e  is  independent of t h e  dominant r e d u c t i o n  process  on t h e  ZnO, t h e  

r e d u c t i o n  of f e r r i c y a n i d e .  I n  p re l imina ry  experiments,  w e  have found 

t h a t  t h e  f l a t  band v o l t a g e  is s e n s i t i v e  t o  t h e  pH of t h e  s o l u t i o n  b u t  

i n s e n s i t i v e  t o  t h e  s e v e r a l  reducing and o x i d i z i n g  a g e n t s  i n v e s t i g a t e d .  

I t  is t h e r e f o r e  our belief t h a t  t h e  Helmholtz v o l t a g e  of t h e  e l e c t r o d e  

i s  no t  a s s o c i a t e d  wi th  any e l e c t r o n  t r a n s f e r  redox r e a c t i o n  occur r ing  on 

t h e  su r face ,  b u t  should be a sc r ibed  t o  pro ton  t r a n s f e r ,  o r  t o  some equiv- 

a l e n t  chemical process  which does n o t  i nvo lve  e l e c t r o n s  o r  h o l e s .  

Next w e  s h a l l  cons ide r  t he  c u r r e n t s  pass ing  between t h e  s u r f a c e  and 

t h e  i n t e r i o r  of t h e  semiconductor. I n  our  semiconductor s u r f a c e  s ta te  

model, a s  p rev ious ly  d iscussed ,  t h e  flow of nega t ive  c u r r e n t  from t h e  

i n t e r i o r  t o  t h e  s u r f a c e  i s  a s s o c i a t e d  w i t h  an  a c t i v a t i o n  energy of gVs 

which a r i s e s  from t h e  endothermic i ty  of moving an e l e c t r o n  i n  t h e  conduc- 

t i o n  band from t h e  i n t e r i o r  t o  t h e  s u r f a c e .  The r e v e r s e  process  i s  t h e  

o x i d a t i o n  and could  occur by t r a n s f e r  of a n  e l e c t r o n  from t h e  reduced 

sorbed  s p e c i e s  t o  t h e  bottom of t h e  conduct ion  band i n  t h e  i n t e r i o r  of 

t h e  semiconductor. The l a t t e r  process  would be expec ted  t o  have an 

a c t i v a t i o n  energy equal  t o  E, the  energy d i f f e r e n c e  between t h e  s u r f a c e  

s t a t e  and t h e  bottom of t h e  conduction band a t  t h e  s u r f a c e  ( F i g .  4 ) .  

For  t h e  s u r f a c e  s t a t e  on ZnO due t o  t h e  hexacyanofer ra te ,  t h e  va lue  of 

E could  be a s  h igh  as 3 eV.  If t h e  v a l u e  o f  E is  high, t h e  ra te  of t h e  

o x i d a t i o n  process  can  be extremely low. 
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I t  Thus d e v i a t i o n s  from a r e v e r s i b l e  po ten t i a l ' '  on t h e  s o l u t i o n  s i d e  

(Helmholtz) or w i t h i n  t h e  semiconductor can - n o t  be used t o  d e s c r i b e  t h e  

n e t  c u r r e n t  f lowing through t h e  e l ec t rochemica l  c e l l .  Furthermore, t h e  

exper imenta l  c o n d i t i o n  of z e r o  net c u r r e n t  does n o t  correspond t o  some 

" r e v e r s i b l e  p o t e n t i a l "  analogous to  a metal  e l e c t r o d e  s ince t h e  r a t e  of 

t h e  anodic  process  i n  t h e  semiconductor model i s  always e s s e n t i a l l y  ze ro .  

Experimentally,  however, w e  do observe  s m a l l  r e s i d u a l  n e t  anodic  

c u r r e n t s .  The r e s i d u a l  anodic c u r r e n t  observed wi th  ZnO can sometimes 

be a t t r i b u t e d  t o  s t r a y  u l t r a v i o l e t  i l l u m i n a t i o n  ( e n e r g i e s  g r e a t e r  t h a n  

t h e  band gap) ,  which produces holes .  I n  o t h e r  cases ,  thermal g e n e r a t i o n  

of h o l e - e l e c t r o n  p a i r s  i n  t h e  bulk w i l l  provide a h ighe r  .,nodic c u r r e n t  

t han  e l e c t r o n  i n j e c t i o n  having an  a c t i v a t i o n  energy E. I n  e i t h e r  case, 

t h e  p o t e n t i a l  a t  z e r o  c u r r e n t  i s  not t h e  r e v e r s i b l e  p o t e n t i a l  of a chem- 

i ca l  redox r e a c t i o n  but  i s  the  resu l t  of opposing c u r r e n t s ,  bo th  of which 

are determined by phys ica l  processes n o t  occur r ing  i n  t h e  s o l u t i o n .  

W e  b e l i e v e  t h e  major sou rces  of t h e  low anodic  c u r r e n t s  i n  t h e  dark  

may be imper fec t ions  and i m p u r i t i e s  on t h e  s u r f a c e  of t h e  sample. The 

r e s u l t s  wi th  our c r y s t a l s  are c o n s i s t a n t  w i th  t h i s  no t ion ,  i .e . ,  t h e  

s a t u r a t i o n  dark  anodic  c u r r e n t  var ied  randomly from 0.1 t o  10 na/cm2 wi th  

r e p e a t e d  e t c h i n g s  i n  phosphoric ac id  under presumably i d e n t i c a l  c o n d i t i o n s .  

On t h e  o t h e r  hand, t h e  a d d i t i o n  t o  t h e  s o l u t i o n  of t h e  reducing  agent,  

Fe( CN) had a n e g l i g i b l e  e f f e c t  on t h e  anod ic  c u r r e n t .  

This  behavior  is  probably q u i t e  t y p i c a l  of e l ec t rochemica l  r e a c t i o n s  

on wide band gap  semiconductors and t h e o r e t i c a l  a n a l y s i s  based on r eve r s -  

i b l e  r e a c t i o n s  may o f t e n  be very  mis leading .  
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. The l a s t  po in t  of our  d i scuss ion  concerns  t h e  s u r f a c e  s t a t e  capac i -  

tance,  Css,  which is def ined '  as dQ,,/dV where Qss is t h e  charge  i n  t h e  

s u r f a c e  states.  W e  w i l l  p r e sen t  arguments t o  show t h a t  t h e r e  is no 

i n c o n s i s t a n c y  between our  experimental  r e s u l t s  which i n d i c a t e  t h e  absence 

of a s u r f a c e  s t a t e  c a p a c i t a n c e  and our t h e o r e t i c a l  model which depends on 

t h e  e x i s t a n c e  of s u r f a c e  s t a t e s .  I t  should  be emphasized t h a t  t h e  experi- 

mental  absence of  a s u r f a c e  state capac i t ance  i n  a semiconductor /e lec t ro-  

l y t e  system should n o t  be t aken  t o  imply t h e  absence of s u r f a c e  s ta tes .  

This po in t  i s  impor tan t  because t h e  absence of a s u r f a c e  s t a t e  capac i t ance  

h a s  often', '  been taken  t o  i n d i c a t e  t h e  absence of s u r f a c e  s t a t e s .  

Experimentally,  t h e  absence of a s u r f a c e  s ta te  c a p a c i t a n c e  i n  

p a r a l l e l  wi th  t h e  space  charge  is shown by t h e  l i n e a r i t y  of ( C ) "  wi th  V. 

The reasoning  is based on t h e  expec ta t ion  t h a t ,  i n  gene ra l ,  ( C s s ) ' z  w i l l  

n o t  be l i n e a r  w i th  V. The d e t a i l s  of t h e  fo rmula t ion  of t h e  v a r i o u s  

c a p a c i t a n c e s  and v o l t a g e s  i n  a semiconductor/electrolyte system are con- 

t a i n e d  i n  t h e  appendix. I t  should be r e c a l l e d  t h a t  a l l  t h e  s o l u t i o n s  

s t u d i e d  i n  our i n v e s t i g a t i o n  showed a l i n e a r  r e l a t i o n s h i p  between ( C ) - "  

and V. 

There are two p o s s i b l e  reasons why a c a p a c i t y  C s s  i s  n o t  observed: 

one, t h e  i m p l i c i t  assumptions of the  d e r i v a t i o n  are n o t  m e t ;  and second, 

t h e r e  are no s u r f a c e  s t a t e s  over  the  r e g i o n  spanned by t h e  s u r f a c e  Fermi 

l e v e l  as V is v a r i e d .  W e  w i l l  p resent  arguments t h a t  bo th  of t h e s e  

c a u s e s  are p r e s e n t  w i th  most semiconductor/electrolyte systems. 

I m p l i c i t  i n  t h e  d e r i v a t i o n  of the  s u r f a c e  s t a t e  c a p a c i t y  is t h e  

assumption t h a t  t h e  charge  dQ,, is s t o r e d  from t h e  semiconductor s i d e  and 
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9 i s  r e t u r n e d  t o  t h e  semiconductor when t h e  v o l t a g e  increment dV is removed. 

This  assumption i s  n o t  m e t  f o r  two t y p e s  of s u r f a c e  states:  those  t h a t  

are  e l e c t r o n i c a l l y  i r r e v e r s i b l e  ( i . e . ,  charge  cannot  t r a n s f e r  i n  both 

d i r e c t i o n s )  amd those  t h a t  a r e  r e v e r s i b l y  adsorbed from s o l u t i o n .  

s ta tes  a r e  i r r e v e r s i b l y  charged wi th in  t h e  per iod  of t h e  a.c. s i g n a l ,  then  

t h e  charge  w i l l  n o t  be r e tu rned  t o  t h e  semiconductor and t h e  s t a t e s  w i l l  

n o t  ac t  a s  cha rge  s t o r a g e  c e n t e r s .  I f  t h e  s t a t e s  are  desorbable,  so t h a t  

they  ma in ta in  e q u i l i b r i u m  wi th  t h e  s o l u t i o n ,  they w i l l  s imply lower t h e  

real p a r t  of t h e  impedance r a t h e r  than t h e  c a p a c i t a t i v e  p a r t .  

I f  t h e  

The second reason  f o r  t h e  i n a b i l i t y  t o  observe  a c a p a c i t a n c e  f o r  

s u r f a c e  s ta tes  is connected wi th  a pinned s u r f a c e  Fermi l e v e l .  A pinned 

s u r f a c e  l e v e l ,  i .e . ,  c o n s t a n t  qVf i n  F ig .  5, can a r i se  from t h e  presence 

of second s u r f a c e  s t a t e  which cannot s t o r e  charge  from t h e  semiconductor.  

T h i s  second s u r f a c e  s t a t e  may be of two t y p e s :  

d e n s i t y  on t h e  su r face ,  e i t h e r  formed by i r r e v e r s i b l e  or r e v e r s i b l e  sorp 

t ion ,  or (b) 

The e f f e c t i v e n e s s  of t ype  ( a )  i n  pinning t h e  Fermi l e v e l  i s  s e l f  e v i d e n t .  

Type (b) is e f f e c t i v e  s i n c e  any attempt a t  changing t h e  s u r f a c e  Fermi 

l e v e l  by changing t h e  a p p l i e d  vo l t age  i s  prevented by s o r p t i o n  or desorp- 

t i o n  of t ype  ( b )  s u r f a c e  s t a t e s  i n  t h e  a p p r o p r i a t e  s t a t e  of o x i d a t i o n .  

Thus, t h e  e x i s t a n c e  of a low dens i ty  of sorbable-desorbable  surface s t a t e s  

can prevent  observance of a capac i t ance  f o r  ano the r  s u r f a c e  s t a t e  t h a t  

meets t h e  normal requi rements  f o r  obse rva t ion .  

( a )  p re sen t  a t  a h igh  

p r e s e n t  a t  low d e n s i t y  and formed by r e v e r s i b l e  s o r p t i o n .  

In  summary, i n  o r d e r  t o  observe a s u r f a c e  s t a t e  c a p a c i t a n c e  t h e  

s u r f a c e  s t a t e s  must be: (1) e l e c t r o n i c a l l y  r e v e r s i b l e  w i t h i n  t h e  per iod  
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of t h e  a . c .  s i g n a  ; ( 2 )  nonc3sor-able from t h e  semiconductor; and (3) i n  

c o n t a c t  w i th  a n  e l e c t r o l y t e  f r e e  of chemicals t h a t  can  r a p i d l y  exchange 

cha rge  wi th  t h e  s u r f a c e  s t a t e  or w i th  t h e  semiconductor i n  o r d e r  t o  pre- 

ven t  pinning t h e  s u r f a c e  Fermi l e v e l .  

I n  t h e  case of our  ZnO s t u d i e s ,  none of t h e s e  c r i t e r i a  were m e t ,  

a cco rd ing  t o  t h e  ev idence .  There have been no r e v e r s i b l e  s u r f a c e  s ta tes  

i d e n t i f i e d  i n  o u r  s t u d i e s ,  most of t h e  chemical s p e c i e s  examined were 

a p p r e c i a b l y  s o l u b l e  i n  both t h e  oxid ized  and reduced forms and species 

normally were a v a i l a b l e  t h a t  could be adsorbed and could  p i n  t h e  Fermi 

l e v e l .  However, i t  is p o s s i b l e  t h a t  common contaminants p r e s e n t  i n  our  

s o l u t i o n s  w e r e  s u f f i c i e n t  t o  pin t h e  Fermi l e v e l .  

SUMMARY 

W e  have shown, by a n a l y s i s  of t h e  one-equiva len t  r e d u c t i o n  of t h e  

f e r r i c  i ron ,  t h a t  f o r  semiconductors t h e  e l e c t r o n i c  a c t i v a t i o n  energy 

can  dominate t h e  ra te  of e lec t rochemica l  r e a c t i o n s  and a s imple  s u r f a c e  

s ta te  t r app ing  l a w  d e s c r i b e s  t h e  process .  W e  have a lso shown t h a t  t h e  

r e a c t i o n  is  i r r e v e r s i b l e  and a n  unknown o x i d a t i o n  r e a c t i o n  ( n o t  o x i d a t i o n  

of f e r r o u s )  is impor tan t  i n  de f in ing  t h e  "ze ro  c u r r e n t "  p o t e n t i a l .  

a d d i t i o n ,  w e  found t h a t  adsorp t ion  of f e r r i c y a n i d e  Ion  on z i n c  oxide 

fo l lows  a l i n e a r  i so therm.  

In 
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Appendix 

5 ANALYSIS OF SEMICONDUCTOR - ELECTROLYTE CAPACITY 7 

I n  o r d e r  t o  be c lear  regard ing  t h e  o r i g i n  of t h e  c a p a c i t y  measured, 

and t o  d i s t i n g u i s h  space  charge  capac i ty ,  s u r f a c e  s ta te  capac i ty ,  and 

o t h e r  p o s s i b l e  c o n t r i b u t i o n s  t o  the measured capac i ty ,  i t  i s  a p p r o p r i a t e  

t o  examine i n  d e t a i l  t h e  d i s t r i b u t i o n  of v o l t a g e  and s t o r e d  charge  f o r  

t h e  e l ec t ro ly t e - semiconduc to r  i n t e r f a c e .  To ma in ta in  some measure of 

s i m p l i c i t y ,  w e  will assume t h a t  the impedance a t  t h e  working e l e c t r o d e  

and e l sewhere  i n  t h e  c i r c u i t  i s  n e g l i g i b l e  compared t o  t h e  impedance a t  

t he  semiconduc to r -e l ec t ro ly t e  i n t e r f a c e ,  so  t h a t  changes i n  v o l t a g e  occur  

i n  t h e  l a t t e r  r eg ion .  

The a p p l i e d  v o l t a g e  w i t h  r e spec t  t o  t h e  e l e c t r o l y t e  w i l l  be g iven  by 

* 
-Ve, where Ve is t h e  p o t e n t i a l  of a n e g a t i v e  charge  i n  t h e  s o l u t i o n  wi th  

respect t o  t h e  bulk Fermi p o t e n t i a l .  

( 12) Ve = V -Vf t VH + Vc = V + c o n s t  
S 

where  qV i s  t h e  h e i g h t  of t h e  s u r f a c e  b a r r i e r ,  qVf i s  t h e  energy d i f -  
S 

f e r e n c e  between t h e  Fermi energy a t  t h e  s u r f a c e  and t h e  conduction band 

a t  t h e  su r face ,  and eVH i s  t h e  energy d i f f e r e n c e  through t h e  Helmholtz 

s o l u t i o n  ( and  Gouy) double l a y e r ,  The c o n s t a n t  Vc r e p r e s e n t s  t h e  poten- 

t i a l  d i f f e r e n c e  between the  conduction band and t h e  Fermi p o t e n t i a l  i n  

t he  bulk semiconductor.  The measured v o l t a g e  wi th  respect t o  SCE, V, 

* T h i s  p o t e n t i a l  of a nega t ive  charge is used t o  allow ready  comparison 
wi th  t h e  normal band diagram. 
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d i f f e r s  from Ve by a c o n s t a n t  r e p r e s e n t i n g  terms such as the  Helmholtz 

p o t e n t i a l  d rop  a t  t h e  calomel.  

F igu re  5 shows t h e  co r re spmding  band diagram f o r  t h e  energy of an  

e l e c t r o n ,  showing EFB and E 

d u c t o r  and on t h e  s u r f a c e  r e s p e c t i v e l y ,  and VH as t h e  d i f f e r e n c e  between 

t h e  s o l u t i o n  p o t e n t i a l ,  V, and t h e  s u r f a c e  p o t e n t i a l ,  EFS/9, f o r  t h e  

as the Fermi energy i n  the  bulk semicon- FS 

e l e c t r o n .  

A change i n  a p p l i e d  vo l t age ,  dV, is  g iven  by Eq. (13). 

dV = dVs + dVH - dVf ( 13) 

S to rage  of charge  on t h e  semiconductor can  occur  i n  s u r f a c e  s ta tes  o r  i n  

t h e  space  charge  r eg ion .  

On t h e  e l e c t r o l y t e  s i d e ,  w e  assume cha rge  s t o r a g e  is a l l  on t h e  e l e c t r o -  

l y t e  s i d e  of t h e  Helmholtz double l a y e r .  

There w i l l  be a r e l a t i o n s h i p  between t h e  change of s u r f a c e  b a r r i e r  

and t h e  charge  s t o r e d  i n  t h e  space charge  r eg ion .  In  t h e  case of a deple-  

t i o n  l a y e r  a t  t h e  s u r f a c e ,  t h i s  becomes t h e  Shot tky  r e l a t i o n ,  e q u i v a l e n t  

t o  Eq. (3) i n  t h e  text ,  bu t  we w i l l  l e a v e  i t  i n  t h e  g e n e r a l  form' of 

Eq. (15) .  

t dQ/dV, is given, from (141, by 'm The measured capac i ty ,  

dQ = cm = dQ /dV i- ( dQsc/dVs) (dV S /dV) dV ss 

= dQ /dV + f ( Q  sc ){1 -+ dVf/dV - dVH/dV} 
ss 
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a s  css We w i l l  d e f i n e  t h e  s u r f a c e  s t a t e  c a p a c i t y 5  

I t  should  be noted  t h a t  Dewald' de f ined  C as  aQ /aVs which i s  
ss ss  

i d e n t i c a l  t o  t h e  above d e f i n i t i o n  when t h e  changes i n  t h e  a p p l i e d  v o l t a g e  

occur  only  w i t h i n  t h e  d e p l e t i o n  region. 

Now t h e  change i n  Helcmholtz p o t e n t i a l  V w i l l  depend on t h e  charge  H 

dQ, which has  been s t o r e d  on t h e  e f f e c t i v e  Helmholtz capac i ty ,  where 

l / C H  = avH/aQ (18) 

p l u s  changes i n  t h e  Helmholtz double l a y e r  a r i s i n g  from changes i n  t h e  

"chemical" behavior  of t h e  s o l i d  when V o r  V is changed. This  change 

i n  Helmholtz p o t e n t i a l  i s  expressed i n  Eq. (19 ) .  

f S 

We w i l l  assume f o r  s i m p l i c i t y  t h a t  C H 

a t  a m e t a l / e l e c t r o l y t e  i n t e r f a c e ,  and a t  a l a t e r  s t a g e  i n  t h e  d e r i v a t i o n  

w e  w i l l  assume C >> C and i t  w i l l  be neg lec t ed .  The f u n c t i o n  g depends 

on t h e  e l ec t rochemica l  p r o p e r t i e s  of t h e  i n t e r f a c e  and cannot be de f ined  

f u r t h e r  wi thout  d e t a i l e d  phys ica l  knowledge of t h e  e l ec t rochemica l  

processes .  

is  s imi la r  t o  t h e  Helmholtz c a p a c i t y  

H m 

Then t h e  measured c a p a c i t y  becomes 

cm = c + c (1 - g - Cm/CH) ss s c  
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where w e  have de f ined  C = f ( Q S C )  . sc 
I 

Then 

+ c ( 1 - g j j  I + 
sc (23)  

The two terms t h u s  r e p r e s e n t  two c a p a c i t o r s  i n  series, one dominated 

by t h e  Helmholtz capac i ty ,  and the  o t h e r  determined p r i m a r i l y  by t h e  

s u r f a c e  s t a t e  and t h e  space charge c a p a c i t i e s .  

I f  w e  assume CH >> Cm, i.e., t h e  Helmholtz c a p a c i t y  observed wi th  

metal e l e c t r o d e s  is much g r e a t e r  than t h e  c a p a c i t y  measured, then  t h e  

l a s t  t e r m  may be neg lec t ed .  Th i s  i s  confirmed f u r t h e r  i f  a l i n e a r  V vs 

1/Cm2 r e l a t i o n  is  normally observed, f o r  t h e  l a s t  term con ta ins  no f a c t o r s  

l e a d i n g  t o  t h i s  r e l a t i o n s h i p .  Then (23) i s  approximated by(24) 

cm = c s s  + c sc (1-gj ( 2 4 )  

When Css of Eq. (24 )  is n e g l i g i b l e ,  a s  found f o r  ZnO, t h e  equa t ion  

becomes 

cm = c sc (1-g) (25 )  

A l i n e a r  r e l a t i o n  between V and 1 / C 2  i s  i n d i c a t i v e  t h a t  g i s  e i t h e r  

c o n s t a n t ,  independent of V, o r  i s  ze ro .  Moreover, f o r  ZnO, Dewald' found 

t h a t  any f i n i t e  g must be independent of t h e  donor d e n s i t y  and i n  t h e  

p r e s e n t  work w e  have found t h e  s lope  independent of t h e  c o n c e n t r a t i o n  of  

r e d u c i b l e  or o x i d i z a b l e  species i n  s o l u t i o n .  

From Eq. ( 2 0 ) ,  t h i s  r e q u i r e s  t h a t ,  i f  V is  a f u n c t i o n  of V t h e  

d e r i v a t i v e  is very  low or cons tan t ,  independent of donor d e n s i t y  and 

s u r f a c e  s t a t e  d e n s i t y .  

low, i .e.,  t h e  s u r f a c e  Fermi l e v e l  does n o t  change a p p r e c i a b l y  w i t h  a p p l i e d  

f 

The most l i k e l y  i n t e r p r e t a t i o n  is t h a t  dV /dV is fa 
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v o l t a g e .  S i m i l a r l y ,  t h e  v a l u e  of aV /aV is  most l i k e l y  very low r a t h e r  

t han  cons t an t ;  otherwise,  t h e  donor d e n s i t y  change and s u r f a c e  s t a t e  

change would be expec ted  t o  change i t s  v a l u e .  Th i s  is c o n s i s t e n t  wi th  

t h e  ear l ie r  i n t e r p r e t a t i o n  t h a t  t he  Helmholtz p o t e n t i a l  is a s s o c i a t e d  

w i t h  a process  o t h e r  than  t h e  r educ t ion  process  s t u d i e d .  

H s  

I t  appears  t h a t ,  f o r  our s y s t e m ,  w e  can  j u s t i f y  t h e  approximation 

t h a t  

c = c  ( 26) m sc 

Because of t h e  a c t i o n  of r e v e r s i b l y  adsorbed species i n  p inning  

t h e  s u r f a c e  Fermi l e v e l ,  as d i scussed  i n  t h e  text, i t  may be r easonab le  

t o  assume Eq. (26)  f o r  most semiconductor/electrolyte systems wi th  C 

<< CH, a s  long  as t h e  c u r r e n t  drawn from t h e  system is low enough t h a t  

a d s o r p t i o n  e q u i l i b r i u m  is maintained. However, t h e  v a l i d i t y  of Eq. (26)  

should  n o t  be cons t rued  as i n d i c a t i n g  t h e  absence of s u r f a c e  s ta tes .  

m 
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FIGURES 

Figure 1 Current Dependence on Voltage a t  pH = 8 . 8  and ~ x ~ O - ~ M  F ~ ( C N ) G ' ~ :  
0, no added Fe( CN) 0, 7 ~ 1 0 - ~ M  Fe(  CN) 6-4 added. 

Figure 2 Voltage Dependence of Capacitance f o r  7xlO"M Fe(CN)6-3 

Figure 3 Surface Barrier as a Function of Concentration a t  10 na Current 

Figure 4 Energy Band Diagram 

Figure 5 Potential  Energy Diagram for  Electrons 
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